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ABSTRACT 



In reinforced concrete structures, fiber reinforced polymer (FRP) confined concrete columns is one of the most 
attractive techniques used, but two problems delayed its wide spread. The first is the effect of column slenderness ratio, 
and column diameters and heights. The second problem is to accurately calculate the ultimate confined strength. 
Tested results of the eight polyvinylchloride tubes (PVC) confined concrete columns are used to study the behavior of 
confined columns. In addition, experimental results of eight plain concrete columns carried out for comparing between 
confined and unconfined column behavior. The theoretical prediction of confined compressive strength by using ultimate 
limit state method based on computability deformations is presented. In the paper, crack propagation and modes of failure 
were described. Analyses of the experimental results with the effect of column heights and diameters were discussed. 
The cracking behavior of confined concrete during loading is analyzed. The fracture compressive strain related to vertical 
stresses and corresponding axial strains, and fracture tensile strain related to horizontal acting stresses and corresponding 
radial strains are calculated. The experimental results showed that, the radial strains distribution may be not uniform 
through the hoop direction of confined columns. 
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The compression failure, and especially the size effect, is more complex and less understood. Yet it often the more 
important and dangerous mode of failure, which is highly brittle with less ductility, the reason is that compression failure is 
not controlled by material strength criterion, as assumed in nearly all practical applications up to now. When multi -axial 
experiments are carried out, the influence of boundary conditions in the experimental become extremely important. 
These influences are directly related to the deformability (both in the loading direction, as perpendicular to this direction) 
of the load-transmitting medium along the boundaries of specimen [1,2]. 

Plastic pipes, tubing and profiles are used in a wide variety of industries including, building & construction, 
automotive, consumer goods, lawn & garden, windows & doors, furniture, plumbing and electrical. One of the most widely 
used materials for these products is polyvinylchloride or commonly known as PVC. This material is popular in these 
industries because of the wide range of properties that can be obtained depending on the additives that are mixed with it, all 
this at a relatively inexpensive price. The PVC is isotropic materials where the properties are the same in two directions. 
As in field of construction, when PVC plastic tube confined plain concrete column used instead reinforced concrete (RC) 
columns, the design equation is required. But, the all design equations for confined concrete columns are the empirical and 
related with experimental works [3, 5, 6, 7, 8, and 9]. The results of proposal equation were independent. Tables 1 shows 
the material properties used for experimental confinement compressive strength and strain, and table 2 shows some of 
equations used [8-14]. 

Silvia Roccal et al (2008) [15] reviews design guidelines for FRP confinement of reinforced concrete columns of 
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noncircular cross sections, and states that: approach presented by current ACI committee [16] for compressive strength is 
based on the empirical formula originally developed by Mander et al (1988) for steel confined concrete. Regarding CSA 
S806-02 guideline [17], the equation was obtained from experiments on cylindrical concrete confined under hydrostatic 
pressure [Richart et al. (1928)] and Saatcioglu and Razvi (1992) for confinement coefficient. The Concrete Society 
proposes a design-oriented model, developed by Lam and Teng (2003). And also, this model was calibrated against all the 
experimental data available at the time. The design recommendations provided by fib for columns of circular and 
noncircular cross sections are based on the model proposed by Spoelstra and Monti. From previous discussion, it can be 
concluded that the calculated confined compressive strength only depends on the experimental data. In this paper, the 
proposal theoretical model to calculate the ultimate confined compressive strength presents a new direction deserve 
important. 

Three failures mechanics can be help for understand the confined failure mechanics are presented as the 
following: Hillerborg (1983) suggested that the actual flexural behavior of concrete could be attributed to the following 
four process zones. The first zone is elastic zone where linear elastic mechanics is applicable. The second zone is 
micro -cracking zone where the stiffness of the fracture zone decreases suddenly due to increasing micro-cracks. The third 
zone is micro-crack branching zone where multiple micro-cracks closed into one macro-crack and the stiffness of the 
fracture zone decreases slowly. Last zone is the traction free zone, where no stress transfer occurs across the fracture 
surface. The second is the failure mechanism of shear stress of reinforced concrete circular cross-section member. 
Finally the dowel action of steel bar through cracks caused stress concentration beside cracks. In the dowel action, it is 
found that the plastic hinge is situated 0.7-1.5d p away from the shear plane and concentrated stress equal to 4.5 the cylinder 
compressive strength [18, 19, 20, 21]. 

In the reinforced concrete structures, using fiber reinforced plastic/polymer (FRP) with concrete and reinforced 
concrete is very wide spread. Only spread of FRP confined concrete and reinforced concrete columns is limited because of 
analytical models for calculating the confined compressive strength and lack of information about internal cracks in 
concrete core. The failure of confined concrete and the general proposal theoretical are the main problem. The main 
objective of this research describes the failure mechanics and calculates the ultimate confined strength of PVC-tube 
confined concrete. 

THE EXPERIMENTAL WORK 

In the experimental study, eight circular confined concrete (CC) columns were tested as listed in Table 3. For the 
first group, the column heights, H, were 300, 400, 600, 900mm and the cross sections were circular with 150.0 mm inner 
diameter and 4.7mm thickness. For the second group, the column heights, H, were 200, 300, 600, 900mm and the cross 
sections were circular with 1 10.0 mm inner diameter and 3.7mm thickness. The columns were tested until failure under the 
effect of axial load only. The materials used in preparing the test specimens were local available materials and the process 
of manufacturing was simulated as closely as to the common way of practices. 

All specimens were cast in a vertical position on the same occasion and with concrete from the same batch. 
The used concrete was made from a mix of ordinary Portland cement, natural sand, and gravel. The average compressive 
strength of the unconfined concrete (UC) was 13.75MPa based on the compressive test result of standard cylinder 
(150x300mm). The experimental compressive strength of unconfined concrete with different heights is shown in Table 4. 
The mean value of concrete material properties at the age of 28 days were summarized in Table 5. For PVC tube, the 
average tensile strength of plastic tube was determined to be 53MPa and the elastic modulus was 35GPa. 
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A computerized universal-testing machine (U.T.M.) of 100-ton capacity was used to test the specimens as shown 
in figure 1-a. The load was incrementally applied to the column in specimen using compression state. Both the load (P exp ) 
and corresponding deflection (5 exp ) were recorded from the machine. From the area of loading (Ai oad ) and the height of 
column (H) the stresses-strains curve was plotted. 

The load was applied vertically at the center of the specimens. The load was applied to concrete section only. 
The radial strains were measured at 3 points on the outside of the plastic tube at mid-height of the columns, as shown in 
figure 1-b. The radial strains were measured and recorded using strain indicator connector which was connected to the 
strain gauges. Loading was applied using displacement control. Increments were increased by 0.2mm for each step with a 
rate of loading 25 kg/sec. There was a pause between each step to record the reading of strain gauges. 

TEST RESULTS AND DISCUSSIONS 

In this part, the mode of failures and observation cracks, stresses-strains (o-e) curves, and the effect of column 
slenderness ratio ( X ) is summarized. 

Test Observations and Modes of Failure 

The interest of replacing conventional reinforced concrete columns by PVC tube confined concrete column 
causing of studied. The PVC tubes provide shear resistance, flexural resistance and confinement to the concrete core. 

In the case of unconfined concrete columns, and for slenderness ratios 1.85, 2, 2.67, and 2.75 (for samples 
SUC6-30, SUC6-40, SUC5-20 and SUC5-30), the failures were generally marked by the appearance of vertical cracks at 
about 90% of the ultimate load followed by crushing of concrete at/or near the mid-height of the specimens as shown for 
specimen SUC6-40 in figure 2-a. There was no indication of any buckling until the concrete was completely crushed. 
But, for slenderness ratios 4.00, 5.78, 6.00, and 8.20 (samples SUC6-60, SUC6-90, SUC5-60 and SUC5-90), the failures 
were generally marked by the appearance of vertical cracks at about 65% of the ultimate load followed by longitudinal 
cracks in concrete lead to failure. The failure pattern were shown in figure 2-b. From this concluded that the longitudinal 
cracks begin of appearing for unconfined concrete column after 65% from the maximum load depending on the specimen's 
slenderness ratio. 

In the case of confined column, in general, the observed behavior of the confined columns was similar to the 
unconfined columns up to the peak load of unconfined columns. Increases in the lateral deflection of confined columns 
resulted increased compression stresses and rupturing of the plastic tube. Tensile rupture of the tube was only caused by a 
significant increase in the lateral buckling beyond the peak load. The signs of distress to the composite were the heard 
sounds and the large lateral deflections of the columns. The failures of confined specimens SCC6-30, SCC6-40, SCC5-20 
and SCC5-30) were generally marked by sudden fracture of the plastic tube near the top and bottom edges of the tube. 
The pattern failure for specimen SCC5-30 was shown in the figure 2-c. Sounds heard during the early to middle stages of 
loading were attributed to the micro -cracking of concrete and shifting of aggregates. After the peak load, the not equally 
uniform strain distributed through plastic tube. And snapping of the plastic tube could be heard near the end of the loading 
process. The failure of confined specimens SCC6-60, SCC6-90, SCC5-60 and SCC5-90 was generally due to shear cracks 
followed by yield of plastic tube. The crack patterns for confined concrete column specimen SCC5-60 was shown in 
figure. 2-d. From this concluded that the composite materials confined concrete column not prevents cracks but the 
confinement restrains the development of cracks and delays formation a new crack. Moreover, the failure mechanisms 
change s by varying the slenderness ratios of tested specimens 
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Stress Strain (a -e) Curves 

The stress strain curves (radial and axial strains) for group no.l and no. 2, for confined specimens, were shown in 
figures 3, and 4 respectively. There are three reading for radial strains (E cc ,r) and one reading for axial strains (e cc ,i=5 eX p/H). 
The figures show that the relation between vertical stresses and radial strains not fixed especially according to place of 
reading. The stress-strain curves of concrete column confined by plastic tube are divided into two parts with changed slope. 
The first portion is essentially identical to that of the unconfined concrete. It is from the initial of loading up to the 
maximum load. In this part, the concrete gradually will be full active contact with PVC tube. For the radial strains, it was 
found that before 70% of the unconfined concrete stress, the three redial strains are identical, but, after 70% radial strains 
begin deviations. This appears especially for specimens SCC5-20, SCC5-30, SCC6-30, SCC6-40 and SCC6-60. 
The deviations of radial strains refer to formation internal cracks in the concrete core. And deviations of radial strains 
(three curves for one specimen) were related to the positioning of gauges relative the cracks. 

In the second part of curves, the radial and axial strains increased with decreasing in loads. This means that the 
concrete is expanding rapidly with a small changing in stresses, causing a large increase in lateral expansion. The curves 
are agreement with previous studied [10]. 

From this concluded that, the most deviation of radial strains values (three curves for one specimen) credits to the 
positioning of gauges relative the cracks that begin initiated. 

Effect of the Column Dimensions on the Ultimate Stresses and Strains 

In this study and through previous research, it has been proven that used FRP confined concrete columns provides 
superior ductility and improves the load carrying capacity characteristics when comparing to conventional columns. 
The effect of columns dimensions is discussed in table 6 and figure 6. 

For group 1, with 150mm diameters, the ratios between the confined concrete strength (f cc ) and characteristic 
concrete compressive strength at 28 day (f co ) are from 2.22 to 2.39, and for group 2, with diameters 1 10mm, are from 2.60 
to 4.30. From these ratios find that by decreasing the column diameters, the efficiency of confined enhanced. From figure 6 
find that, for slenderness ratio more three, the effect of diameters in the same slenderness ratio on the radial and axial strain 
is not significant as ultimate confined strength. But for slenderness ratio less than 3, the effect of diameters with the same 
slenderness ratio is not clear. From tables 6 and figure 6 concluded that, with slenderness ratio more or equal than three 
the tested specimens defined as columns. In contrary, for with slenderness ratio less than three the tested specimens defined 
as cylinder. 

In the other direction, as shown in figure 6, for group 1, with 150mm diameters, the ratio between confined 
concrete strength with different heights (f cc ) to the confined concrete strength with column height equal to 900mm (f cc> h) is 
analysis. And the ratios f cc /f CCi h for heights H=900, 600, 400, and 300mm are 1, 1.07, 1.33, and 1.35 respectively. For group 
2, with 110mm diameters, the ratios f cc /f cc , h for heights H=900, 600, 300, and 200mm are 1, 1.01, 1.18, and 1.35 
respectively. Moreover, for group 1, with 150mm diameters, the ratio between confined concrete strength with different 
heights ( f c0 ) to the ratio of confined concrete strength with column height equal to 900mm (f co .h) is analysis. And the ratios 
f co / f co ,h for heights H=900, 600, 400, and 300mm are 1, 1.28, 1.33, and 1.51 respectively. For group 2, with 110mm 
diameters, the ratio f co /fco,h for heights H=900, 600, 300, and 200mm is 1, 1.06, 1.32, and 1.53 respectively. From this 
concluded the ratios of f cc /fcc,h and f co /fco,h refer to enhancement confined capacity by increasing the slenderness ratio. 
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THEORETICAL STUDY 

In this part, the stages of change compatibility deformation between concrete core and FRP confined during 
loading are presented. Failure mechanism of confined concrete columns is illustrated. Moreover, the paper presents the 
proposal theoretical equation calculates the ultimate confined concrete strength. Finally, for completing nonlinear model, 
compression fracture strain energy per unite volume and tensile strain energy per unite volume is presented. 

Stages of Change Compatibility between Concrete Core and Confined FRP 

During loading, there are four stages having different behavior according to the boundary condition between the 
FRP sheet/tube and surface concrete core. The initial stage (the confinement action not fully acting); the elastic stage 
(the relation between stress and strain according to hook's low can be applied); the plastic -fracture stage (after cracking); 
the failure stage (after the peak load). 

In the initial Stage, the quality of executing of the FRP around the concrete core influences the confinement 
action. In the presence of local misalignment fibers, a part of the circumferential deformation may be used to stretch the 
fibers. In this case, the concrete will not fully act with the FRP -tube [22, 23]. 

In the elastic stage, the tensile stress of FRP in the hoop direction and the contact stresses between FRP tube/sheet 
and concrete core are uniform. From compatibility deformation between the confined concrete core and FRP tube/sheet, 
the strain at the contact surface of concrete (e c ) is equal to the FRP strain (e f ). The linear hook's low cab be used in this 
stage. The stresses (f cc ) and strains (e cc ) for confined concrete columns, in longitudinal direction, are calculated as the 
follows [22]: 

fcc-Hk] (1) 

S cc ="^f[l-^i] (2) 

E c k 

1 Epgptf 

Where — = , t f is the fiber thickness, r t is the half concrete core diameter, and u c is the 

concrete poisson's ratio. 

In the third stage, the cracks begin propagated. The confined concrete core cracks when the radial/or tangential 
strains in concrete more than the allowable concrete tensile strain (£ > £ ct ). The proposal theoretical model depends on 
the confined behavior in this stage. 

Failure Mechanism and Deformability 

FRP confined concrete structures are made up of two materials with different characteristics, namely, FRP 
tube/sheet and concrete. Bazant and Xiang (1997) illustrated the compression failure of unconfined concrete column. 
The crack model for confined concrete column, for macro scale, is shown in Figures 7. The crack band model was widely 
used in practice for analyzing the distributed cracking and fracture of the concrete [23, 24, and 25], and also, used for 
confined concrete failure. The concrete core is divided into number of units/segments and cracks equal to number n, and 
widths equal to b(r) as shown in Figure 7-a. the cracks appear when the tangent/or radial strain is more than the allowable 
tensile strain of the concrete. The real behavior of cracks, in the experimental tested specimens and by Cole, C. and 
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Belarbi, A (2001) as shown in figure 7-b [26], agrees with the assumption crack patterns. The radial cracks propagate, and 
the FRP tube/sheet restrains internal cracks in the concrete core 

In the tangential direction, at the end of cracks, through contact surface between inner perimeter of FRP and the 
out perimeter of concrete core, the stresses in the FRP sheet/shell are not uniform. Two zones are as the follows: 

The first zone lies between point (m 2i _ 2 ) and point (m 2 i-i), where i is the number of cracks as shown in figure 7-a). 
The tangential/radial strains at perimeter of concrete core are less than allowable tensile strain. Thus, the crack width is 
equal to 

W(r) = K) £ o (3) 

Where S is the tensile tangential/ radial strain 

The second zone is between point (m 2 i_i) and point (m 2i ) (see figure 7-a). The tensile strain is more than the 
allowable tensile strain of concrete and less than the allowable tensile strain of FRP sheet/tube. Thus, cracks appearance in 
concrete core, and the crack width through widths equal to b(r) can be calculated as follows 

W(r)=K) S o+ W r,. ( 4 ) 



■-(>■) 



Where W is the crack width 

C (r) 

The figure 8 shows the confined model in meso/or micro scale. At the contact surface between the concrete core 
and FRP sheet/tube, because of the allowable tensile strain between for FRP sheet and concrete is not equal, the differential 
movement happens. Subsequently two applying stresses occur, the first is a friction stress between the FRP sheet/tube and 
concrete core, and the second is the tensile strain of concrete core near the contact surface. At the same zone, the contact 
stress in the radial direction cause the third stress, as contact pressure ( fj ) in the linear model [22]. From this concluded 
that the applied concentrated stress near crack tips could be created. The concentration stresses causes additional acting 
stresses to the applied vertical stress. More studied to understand the behavior of this zone in the meso/ or micro scale 
required. 

Proposal Theoretical Model 

In the present studied, beside the general assumption of fracture mechanics and presented failure mechanism of 
confined concrete column, the additional assumption of confined concrete can be as the follows: 

• When the radial strain in the FRP tube is greater than the maximum allowable tensile strain of concrete, internal 
cracks propagate in the concrete core. 

• The confinement concrete columns delay formation a new cracks, and not prevent it. 

• The confinement of concrete column restrains development cracks. 

• The FRP tube/sheet restrains deformation with a force called resistance force of FRP sheet/tube (Rf lp ). In addition, 
the tensile stress in the uncracked part is helping in the restraining with a force called resistance force of concrete 
(R ct ), the forces place is shown in figure 8 -a. 

• The horizontal applying tensile stress due to vertical stress causes tensile deformation of FRP tube/sheet with a 
force called acting force (C ver ), as shown in figure 8, 



Failure Mechanism for Confined Plain Concrete Column 255 

• Concentrated stresses besides the crack tips between point's m 2i _j and m 2i formed, and caused a force called acting 
force due to concentration stresses (C con ), as shown in figure 8-b. 

• From equilibrium forces as shown in figure 8, the resistance forces (F R ) are equals to the acting forces (F A .) . 

Z F «. = H F z (5) 
Resistance Forces 

Due to FRP tensile strength and concrete tensile strength, the resistance forces happen. The total resistance force, 
as shown in figure 8, can be calculated as follows: 

T F R= R fiP +R ct ( 6 ) 
Assuming the resistance strength under the area (dA) is <J , the force (F) can be calculated as the follows: 

F=jcrxdA (7) 

Where the area of stress has width b and length equal unity. 

• The resistance force due to tensile strength of FRP sheet/tube is given by 

'frp 

R fr P = b \ffr P d y =<P X ffrpXtfr P (») 


Where (p is a factor accounting for the un-uniform strain distribution through the tangential direction and can be 
assumed equal to 0.8. Thus, 

R frp =0.Sxf frp xt frp (9) 

• The resistance force due to tensile strength of concrete core is given by 

r 

R ct = b\f t dr (10) 

o 

£ 

Where r = rx — — + 0.5xl p , l p is the fracture length depending on the material properties, s ct is the 

S frp 

maximum allowable tensile strain, and s trp is the allowable tensile strain of fiber in the hoop direction. 

Assuming the area of tensile stress is equal to a triangle with length equal to r x S ct js frp , and height equal to 
maximum tensile stress f tc , thus 

Kt ^x Efip) 



Xf,c- (ID 



Acting Forces 

The acting forces as a result of indirect horizontal stresses from applying vertical load and concentration stresses 
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at the end of crack near the contact surface between FRP sheet/tube and concrete core, as shown in figure 8, can be 
calculated as follows: 



A ver con 

The acting force due to vertical stress is given by 



C =b\fdr 

ver J J sp 



(12) 



(13) 



Where f sp is a splitting tensile strength, and can be assumed as a function of the confined stress 

fsp = Ml* fee 

Where JU 1 is the ratio between vertical force and the horizontal force, thus 

C V er=(Mlfcc) Xr 



(14) 



(15) 



By using a strut-and-tie model, as in the case of post-tensioned and pre-stressed concrete structural members, and 
as illustrated by Ata El-kareim, the splitting force is calculated as follows [19, 22]; 



f =0.25xf x 

J sp cc 



t frp x E frp 



rxE +t f xE, 

V c ftp ftp J 



(16) 



From equation 15 and 16 find that 



jU x =0.25x 



tf XEr 

frP ftP 

rE +t f xE ( 

v c ftp ftp J 



(17) 



Form equation 12 and 16, the force C ver is equal to 



C ve =Q.25x 



1 1 x E, 

ftp ftp 



rxE +t f xE f , 

v e ftp ftp J 



xfxr 

J cc 



(18) 



• OBActing force due to concentration stress calculates as the following: 

lBThe acting force, as shown in figure 8, created at the zone between point m 2 i_i and point m 2 i due to 
concentration stress. Considering the average stress is equal to (jU 2 f cc ) with length equal to [(^ x t jrp )\ , the force C con 
can be as follows forms: 



C con =(P 2 fcc) X (^ *tfrp) 



(19) 



2BWhere jU 2 is the ratio between the maximum actual stresses to the confined vertical stress (f cc ). Assuming 
ratio jU 2 x<% is 3 equal to [20, 21]. Then, the force can be calculated as the follows. 



C =3xt f X f 

con jrp J cc 

Compensation on equation 5 by the equation 8, 11, 18, 20 find that 



(20) 
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°*xffip xt fir + 



1 



rxE 



frp 



E c xf, 



frn 



xf> =0.25x 



t fiv x E fr P 



rxE +t f xE t 

V c fip frp J 



x f xr + 3xt f x f 

J cc frp J t 



(21) 



Thus, 



f = 



0-8xf frp xt frp +-x 



rxE 



frp 



frp 



xf,l 



0.25 x 



t f X E r 

frp PP 

rxE+tr x E r 

\ '-c '■frp frp J 



x r + 3xt 



f'P 



(22) 



By evaluating the equation 22 using the results of Nanni and Bradford, Harmon and et al, Picher and et. al., 
watanabe and et. al., Miyauchi and et. al., Kono and et al., Toutanji and et. al., Matthys and et. al., Shahawy and et. al. 
2000, Rochette and Labossiere, Micelli and et. al., and Rousakis find that the ratios between the experimental confined 
strength (f cc>exp ) to theoretical confined strength calculated by equation 22 (f cc>th0 er) were not unity. 

Figure 9 shows the relation between the ratios f cc ,ex/fcc,the and fiber thickness, unconfined concrete strength, 
ultimate tesile strength of FRP, and ultimate tensile strain of FRP. From figure 9 concluded that, by increasing the fiber 
thickness and decreasing the ultimate tensile strength of FRP sheet/tube, the ratios f C c,ex/fcc,the come close to unity. And 
also, by increasing the concrete compressive strength and decreasing the ultimate strain of fiber the proposal equation 
efficiency maybe enhancement [19]. 

4B3.4. Fracture Energy of Confined Concrete Columns 

The addition of confinement around reinforced concrete cross sections changes the concrete's stress-strain 
behavior from relatively weak and brittle to strong and ductile. The added strength and ductility found in confined concrete 
is due to the development of a triaxial stress field and the containment of the concrete after cracking. Mander and et al. 
used an energy balance approach along with effectiveness coefficients to unify the confinement model for both circular and 
rectangular transverse reinforcement at various spacing. Mander' s model was based on the equation suggested by Popovics 
in 1973 and has gained wide acceptance in the Civil Engineering [14]. 

In the proposal model, two fracture strain energy per unite volume calculate; the first is compression strain energy 
per unite volume (G c ), and the second is the tensile strain energy per unite volume (G f ). The compression strain energy per 
unite volume (G c ) can be equal to the area under curve ( fcc-e^ai ), where f cc is the vertical confined compression stress, and 
fiaxiai ls the corresponding axial strain. The tensile strain energy per unite volume (Gf) can be equal to the area under curve 
(Oacthorz-Sradiai)- Where CT act .horz is the acting horizontal stress, and s rad iai is the corresponding tangent/radial strain. In the 
present paper, the acting horizontal stress. 

5B4. COMPARISON BETWEEN EXPERIMENTAL RESULTS AND THEORTICAL EQUATIONS 

In this part, for PVC tubes confined concrete, the proposal theoretical equation calculates the confined 
compressive strength presented. Comparing among the proposal theoretical equation before and after calibration, different 
proposal analytical models, and experimental results is done. Finally, the values of compressive strain energy (G c ) per unit 
volume and tensile strain (G f ) per unit volume is presented. 

6BProposal Design Equation for Confined Concrete Columns 

In general, the proposal theoretical confined concrete strength can be as the following: 

/ CC ,exp = fcctheorXKxfW (23) 
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Where is experimental factor, and can be assumed to calculate as the ratio between experimental confined 
strength to theoretical confined strength when column slenderness ratio is equal to 3 

[k 1 = f cc exp J f cc theor | for X = hl d = 3]. And /(/I) is experimental factor, takes the effect of column slenderness 
ratio into considerations. 

Thus, the experimental factor (ki), for specimens with slenderness ratio near from 3, as shown in table 6, can be 
approximate to 2.25. Moreover , using excel programs and having best fitting, as shown in figure 10, the factor f(X) can 

4.0 

be approximate to — — - . 

' /I, 

Then, the final proposal equation for PVC tube confined concrete tested specimens is as follows: 



x 2.25 for A < 3 

(24) 

4.0 

x2.25x— — - for A ^3 
A 

Strain Energy of Confined Concrete Model 

By using figures 3, and 4, the compression strain energy per unit volume defined as the area under f cc -£ a xiai curve, 
where f cc is vertical applying stress and e axia i is corresponding axial strain. And also, the tensile strain energy per unit 
volume (G f ) defined as the area under a act . horz .-£ radia i curve, where a acLhorz is the acting horizontal stress and s radia i is the 
corresponding radial strain. Where the acting horizontal stress is approximately equal to the splitting tensile stress calculate 
by equation no. 16. Figure 1 1 shows the relation between the calculated acting horizontal stresses and corresponding radial 
strains for group no. 1 and no. 2. 

Table 7 presents the compression strain energy per unit volume [G c MPa/(mm/mm)], the tensile strain energy per 
unit volume [G f MPa/(mm/mm)], and the ratio between G c /Gf.. The compression strain energy of confined specimens 
SCC6-30, SCC6-40, SCC6-60 and SCC6-90 were 0.424, 0.2195, 0.0969 and 0.0551 MPa/(mm/mm) respectively. And also 
compression strain energy of confined specimens SCC5-20, SCC5-30, SCC5-60 and SCC5-90 where 0.354, 0.1918, 
0.0907, and 0.079 MPa/(mm/mm). The tensile strain energy of confined specimens SCC6-30, SCC6-40, SCC6-60 and 
SCC6-90 were 0.0187, 0.00856, 0.00466 and 0.00578MPa/(mm/mm) respectively. And also tensile strain energy of 
confined specimens SCC5-20, SCC5-30, SCC5-60 and SCC5-90 where 0.0067, 0.00539, 0.00361, and 
0.0056MPa/(mm/mm). As shown in figure 12, by drawing the relation between the compression and tensile strain energies 
and slenderness ratios concluded that by increasing the slenderness ratio, the compression and tensile strain energy per unit 
volume decreased. Furthermore, the strain energy depends on the specimen's size 
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7B4.3. Comparing Between Experimental Results and Different Theoretical Results 

As in the field of construction, when PVC plastic tube confined plain concrete column used instead R.C. columns, 
the design equation is required. But, the reviewing design equations depend on the empirical equation calibrated by 
experimental results not totally included the same materials properties. Table 8 shows comparing between the experimental 
results of equation 22 and final equation (25), several analytical models as the following. 

For saadatm et. al. model, for the short confined concrete columns, the ratio between experimental and theoretical 
values is from 0.71 to 1.19 but for long confined concrete columns the ratios are from 0.18 to 0.22. And this results agree 
with saamen et. al. and Toutanji equations results also. From this concluded that the equations not take the effect of 
column slenderness ratio into considerations. By using kono et al. and Miyauchie et al. models find that the equations for 
confined compressive strength is conservative for short confined concrete column, where the ratios between experimental 
to theoretical is more than 1.36, and also not take the effect of column slenderness ratios into considerations. Moreover, the 
theoretical confined compressive strength by Kono et al equation is 14.42 N/mm 2 , and 14.62 N/mm 2 and the theoretical 
results by equations No. 22 (the proposal theoretical results without verification) are 12.19N/mm 2 and 12.43 N/mm 2 . 
Form this concluded that the results of proposal theoretical equation (eq.22) can be consider as the results of analytical 
proposal equation by Kono and et. al. 

By using equations 25, the ratios between experimental and theoretical are from 0.81 to 1.15 regardless the tested 
specimens SCC5-90 result. 

8B5. FUTURE RECOMMENDED STUDIED 

More experimental and theoretical studies are required for this model to calculate the characteristic fracture 
process zone length l p , the local concentrated stress around crack tips with factors jU, ^ , compression strain energy 
(G c ) per unite volume, and tensile strain energy be unit volume (G f ). 

CONCLUSIONS 

From theoretical studied of mechanism of failure of FRP tube confinement concrete the following conclusions can 
be drawn: 

• The mode of failure changes by altering slenderness ratio of the confinement concrete column. 

• FRP tube/sheet confinement concrete makes a restrain for crack and delays the crack development but not 
prevents internal cracks. 

• The ultimate confined compression strength can be theoretically calculated by equation 22. with experimental 
calibration 

• The maximum confined compression strength depends not only on material properties ( E jrp , f frp , E c ,f ct ), but 
also on the size of specimen effect [h, r, t frp ]. 
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a) Universal Test Machine with Specimen b) Cross Section 
Figure 1: Test Set up 
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Figure 3: Stress-Strain Curves (Three Radial Strains and One Axial Strain) of Confined 
Concrete Column with Diameter 150mm and Different Heights 
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Figure 4: Stress-Strain Curves (Three Radial Strains and One Axial Strain) of Confined 
Concrete Column with Diameter 110mm and Different Heights 
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Figure 5: The effect of Slenderness Ratio on the Ultimate Stresses 
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b) Real Cracks Distribution through Confined Concrete Core [26] 
Figure 7: Confined Cracks Model in Macro Scale 
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Figure 8: Stress Distribution, and Resistance and Acting Forces Position 
(Confined Concrete Model for Meso/Micro Scale) 
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Figure 9: Evaluation the Theoretical Model According to Effect of a) Change Fiber Thickness 
b) Change Compressive Strength c) Ultimate Fiber Strength d) Ultimate Fiber Strain [25] 
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Figure 12: The Relation between Strain Energy and Slenderness Ratio 
Table 1: Variation of Parameters Studies for Researchers 



Author 


Variation in Experiment Tested Specimens 


Ahmed and et al 1991 


Using GFPvP, fco =39MPa, 50MPa, and 65MPa 


Nanni and Bradford 1995 


Used GFRP with thickness = 0.30mm, 0.60mm, 1.20mm 


Harmon and et. al. 1992 


Used GFRP with thickness = 0.089mm, 0.179mm, 0.344mm 
and 0.689mm and fco =41MPa and 103MPa 


Picher and et. al. 1996 


Used CFRP 


watanabe et. al. 1997 


Used CFRP and AFRP with thickness from 0. 14mm to 
0.435mm 


Miyauchi et. al. 1997 


Used CFRP with thickness=0. 1 1mm and 0.22mm and 
variation 
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Table 1: Contd., 



Kono and et. al.(1998) 


mm and 0.334 ,mm0.167=essUsed CFRP with thickn 
mm0.501 


Toutanji and et. al (1999) 


Comparing between CFRP and AFRP with thickness 
variations 


Matthys and et. al. (1999) 


Used CFRP with thickness 0.17mm, and 0.235mm 


Shahawy and et. al.(2000) 


Used CFRP with thickness variation and fco =19.4MPa and 
49.0MPa 


Rochette and Labossiere, 2000 


Comparing between CFRP and AFRP with thickness 
variations 


Micelli and et. al. (2001) 


Comparing between GFRP and CFRP 


Rousakis. (2001) 


Used CFRP with variations fco from 25.15MPa to 
82.13MPa 


Mirmiran and shahawy 1997 


Used GFRP tube with thickness= 1.44mm, 2.2mm, and 
2.97mm 



Table 2: Comparing between Theoretical Models 



Saadatm et al. 


A. = 2.254 
/„ \ 


\l + 1.9A— - — -1.254 
f f 

J CO J CO 


Miyauchie et al 


Al = l + 3.485 x -A. 
f f 

J CO J CO 


Kono et al 


A. = 1 + 0.0572 x /, 

f CO 


Saamen et al. 


Al = i + 6.0x 
f 

J CO 


r f," 

[fco, 


0.7 


Toutanji 


— = l + 3.5x 

fco 


f fA 

\ fco ) 


0.85 


Xiao and Wu 


^ = 1.10 + 

f 

J CO 


4.1 0.75 x J > 

f f _ V fco J 



Table 3: Test Parameters 



Gl 


Test 
Specimens 


T(mm) 


D(mm) 


H.(mm) 


H/I) 


D/2t 


SCC6-30 


L 4 - 7 


150 


300 


2 


16.02 


SCC6-40 


4.7 


150 


400 


2.66 


16.02 


SCC6-60 


4.7 


150 


600 


4.00 


16.02 


SCC6-90 


4.7 


150 


900 


6.0 


16.02 


G2 


SCC5-20 


3.7 


110.0 


200 


1.82 


15.62 


SCC5-30 


3.7 


110.0 


300 


2.75 


15.62 


SCC5-60 


3.7 


110.0 


600 


5.45 


15.62 


SCC5-90 


3.7 


110.0 


900 


8.2 


15.62 



Table 4: Test Parameters and Results for Unconfined Concrete Column 





Test Specimens 


D (mm) 


H (mm) 


H/I) 


f co N/mm 2 




SUC6-30 


150.0 


300 


2 


13.75 


G3 


SUC6-40 


150.0 


400 


2.66 


12.30 


SUC6-60 


150.0 


600 


4.00 


11.6 




SUC6-90 


150.0 


900 


6.0 


10.1 




SUC5-20 


110.0 


200 


1.82 


13.75 


G4 


SUC5-30 


110.0 


300 


2.75 


11.9 


SUC5-60 


110.0 


600 


5.45 


6.5 




SUC5-90 


110.0 


900 


8.2 


6.0 
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Table 5: Material Properties of the Concrete 



f cu (MPa) (150x300mm) 


f cu (MPa) (150x150x150mm). 


E c (GPa) (150x300 mm) 


13.75 


16.5 


19 



Table 6: Experimental Ultimate Stresses Results for Confined 
Concrete Columns with Plastic Tube 



Gro 
up 


Test 
Specimens 


H/I) 


p 

A max 

Ton 


f co N/mm 2 


f 

A cc 

N/mm 2 


f /f 


f 

/fco,h 


f cc / fcc,h 


Gl 


SCC6-30 


2.00 


47.50 


13.75 


32.50 


2.37 


1.51 


1.35 


SCC6-40 


2.67 


40.00 


12.10 


27.30 


2.24 


1.33 


1.33 


SCC6-60 


4.00 


38.00 


11.60 


25.80 


2.22 


1.28 


1.07 


SCC6-90 


6.00 


37.00 


9.10 


24.10 


2.39 


1 


1 


G2 


SCC5-20 


1.82 


29.30 


13.75 


35.50 


2.60 


1.53 


1.35 


SCC5-30 


2.75 


23.50 


11.9 


29.50 


2.49 


1.42 


1.18 


SCC5-60 


5.45 


22.75 


9.5 


26.70 


4.10 


1.06 


1.01 


SCC5-90 


8.2 


21.80 


9.0 


26.40 


4.3 


1 


1 


f co (h) and f cc (h) is the unconfined and confined strength at 900mm heights 



Table 7: Calculted Compressive and Tensile Strain Energy 



Group 


Test 
Specimens 


H/I) 


G c Under (f cc -e ax ) 

curve 
MPaA mm/mm) 


G f Under (f sp -E ra ) 

curve 
MPa/(mm/mm) 


Gc/Gf 


Gl 


SCC6-30 


2.00 


0.423 


0.01874 


22.57 


SCC6-40 


2.67 


0.2195 


0.008558 


25.65 


SCC6-60 


4.00 


0.0969 


0.004655 


20.82 


SCC6-90 


6.00 


0.0551 


0.00578 


9.53 


G2 


SCC5-20 


1.82 


0.354 


0.0067 


52.84 


SCC5-30 


2.75 


0.1918 


0.00539 


35.58 


SCC5-60 


5.45 


0.0907 


0.00361 


25.12 


SCC5-90 


8.2 


0.079 


0.0056 


14.11 



Table 8: Comparing Between Proposal Model, Different Analytical Models 



fee. experimental ^ ^cc.iheor 


tics 


fee. 


i«mm (MPa) 


t* 
MPa 


H/d 


Test 

specim 

en 


Group 




Touta 
nji 


Saam 
en et 
al. 


Kon 
o el 
al 


Miya 
uchic 
etal 


Saad 
atm 
et al. 


eq 

(22) 


eq 

(25) 


Touta 
nji 


Saame 
n et al. 


K.ono 
et al 


Miya 
uchie 
et al 


Saada 
tm et 
al. 


1.18 


1 78 


1.2S 


2.25 


1.95 


1.19 


12 19 


27.43 


18.26 


2549 


14.42 


16.71 


27 23 


."52.5 


2 


SCC6-30 


G3 


1.00 


1.03 


1.03 


1.89 


1,60 


94 


12.19 


27.43 


26 58 


26.58 


14.42 


17.11 


29,07 


27.3 


2.66 


SCC6-40 


0.80 


96 


0.96 


1.79 


1 50 


0.87 


12 19 


32.40 


26.97 


26.97 


14.42 


17 25 


29.73 


25.8 


4 


SCC6-60 


1.06 


0.82 


0.82 


1.67 


1.32 


0.71 


12.19 


22.68 


29.42 


29.42 


14.42 


18 22 


34.12 


24.1 


6 


SCC6-90 


1.29 


1.25 


1.25 


2.42 


2 00 


1.10 


12.43 


27.44 


28 33 


28.33 


14.66 


17.78 


32.13 


35.5 


1.82 


SCC5-20 


G4 


1 08 


0.99 


0.99 


2.01 


1.60 


0.84 


12.43 


27,44 


29.88 


29.88 


14.66 


18 41 


34.99 


29.5 


2.75 


SCC5-30 


1 08 


0.82 


0.82 


1.82 


1 36 


66 


12.43 


24.68 


32.64 


32.64 


14.66 


19.58 


40,36 


26.7 


5.45 


SCC5-60 


1.S3 


0.79 


0.79 


1.80 


1.33 


0.63 


12 43 


17.23 


33.37 


33.37 


14.66 


19.91 


41.83 


26.4 


8.2 


SCC5-90 


0,82 


0.28 


28 


0.62 


0.46 


0.22 


12.19 


10 96 


32.58 


32.58 


14 42 


19.56 


40,23 


8.96 


14 


CO 1 1 


Gl* 


82 


0.32 


0.32 


0.72 


0,53 


0.26 


12,19 


12 56 


32.58 


32.58 


14 42 


19.56 


40.23 


10.35 


12 


CGI2 


0.85 


0.39 


0.39 


0.87 


0.64 


31 


12.19 


14 74 


32.58 


32.58 


14.42 


19.56 


40.23 


12.59 


10 


CGI3 


1.02 


0.25 


0.25 


0.62 


0.42 


18 


12 43 


901 


37 14 


37.14 


14.66 


21.67 


49.86 


9,15 


17.5 


CG2I 


G2* 


1.03 


0.29 


0.29 


0.73 


49 


0.21 


12,43 


10.32 


37.14 


37.14 


14.66 


21.67 


49.36 


10.63 


15 


CG22 


1.15 


38 


0.38 


0.95 


0.64 


28 


12.43 


12.12 


37.14 


37 14 


14,66 


21.67 


49.86 


13,95 


12.5 


CG23 



Gl *, G2* is the long confined concrete model 



